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ABSTRACT
Design principles of impurity-induced disordered (IID) vertical-cavity surface-
emitting lasers (VCSELs) are presented, including the influence of IID on
electrical, optical, and mode-control properties. A transfer matrix method
(TMM) is developed to account for the diffusion of Group III atoms of the
distributed Bragg reflectors (DBR) that comprise the VCSEL. In addition, a
simple fiber model is used to design the transverse profile of the IID regions
to maximize single-mode output power.
IID VCSELs are fabricated with special attention given to the experimental
parameters that affect both the lateral zinc diffusion profile and the level of
intermixing caused by impurity diffusion. The resulting devices are compared
to standard oxide-confined VCSELs and show lower operating voltage due to
reduced contact and series resistance, higher operation ranges due to reduced
thermal effects, and improved single-mode output due to the IID filter.
Additionally, the optimal design for maximum single-mode output is ex-
perimentally determined by varying the dimensions of the IID aperture for a
fixed oxide confinement size. Devices with an IID:Oxide ratio of 1.3:3 perform
the best, yielding 1.6 mW of single-mode power and maintaining single-mode
output for most of their operating range. Because of the discrepancy between
the simple model’s prediction and the experimental results, a more complex
mode-matching model is developed to capture the physics of the tapered IID
aperture. Experimental control of the modeled optimal IID aperture is then
investigated by sweeping the stress of the IID mask films.
Finally, a single-interface mode-matching model is used to explore the via-
bility of a metallic surface-relief VCSEL. This new mode-filtering mechanism
would allow vertical integrability of multiple filtering mechanisms as well as
alleviate current crowding issues often caused by surface etching and cavity
damage.
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CHAPTER 1
INTRODUCTION AND STATE OF ART
Since the first demonstration of the surface-emitting laser in 1979 [1], much
research effort has been given to its applications, most notably high-speed
optical interconnects [2, 3, 4], gas sensing [5, 6, 7], and magnetic recording
[8, 9, 10]. These, and many other applications such as laser printing, bar code
scanning, and optical tracking, make use of the low cost, small footprint, and
narrow beam divergence of vertical-cavity surface-emitting lasers (VCSELs).
However, though most of the single-mode research effort had been di-
rected by the push for heat-assisted magnetic recording (HAMR), more recent
progress has been motivated by the drive to increase the precision and speed
of 3-D imaging techniques such as optical coherence tomography (OCT) and
light detection and ranging (LIDAR) [11, 12, 13, 14, 15]. Single-mode beam
profiles serve to improve the spatial resolution and sweep speed of these tech-
niques because of their longer coherence lengths and desirable beam profiles.
Because the lateral dimensions of VCSELs are often much larger than the
longitudinal dimensions, though, the transverse optical modes play a large
role in the operation and application of such devices [16]. As such, there have
been many approaches to limit the number of transverse modes supported
by the device or to filter them from the emission. These efforts aim at
either spatially limiting the transmission and reflection of certain modes,
providing spatially dependent destructive feedback via a phase perturbation,
or selectively guiding only the desired modes. Each of these methods will be
discussed in the context of motivating impurity-induced disordering (IID) as
a mode selection tool, noting specifically the shortcomings that IID intends
to address.
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Figure 1.1: Left: Schematic of metallic p-contact filter from [18]. Right:
Schematic of external cavity VCSEL with micromirror from [19].
1.1 Spatially Dependent Reflectivity
The most straightforward way to filter transverse modes out of a VCSEL is
to simply block them from emitting. Transverse lasing modes in a VCSEL,
whether an oxide-confined structure or an implant-defined structure, are de-
fined by the lateral dimension of the current confinement aperture. The
fundamental mode always has a peak near the center of the aperture, and
as the mode number increases, a larger portion of the mode exists near the
edge of the confinement aperture. Therefore, limiting the laser output near
the aperture edges will, in theory, reduce the number of higher-order modes
emitted. A structure that uses the metallic p-contact as a spatial filter is pro-
posed and fabricated in [17, 18]. A schematic of the design is shown in Fig.
1.1. It is capable of 1 mW of single-mode output power at 6 mA injection.
However, because the modes that are blocked by the spatial filter are still
lasing in the cavity, they continue to consume carriers that would otherwise
contribute to the fundamental mode power and they still contribute to active
region heating, meaning that the total operation range of the device will be
limited. Furthermore, because the optimized design for the spatial mode fil-
ter is approximately 1/3 of the oxide-confinement aperture, the spatial filter
is located near the peak electric field of the higher-order transverse modes.
Therefore, diffraction of the field that does escape the filter is much larger,
which negates the narrow beam divergence of the VCSEL.
Another approach to single-mode output using spatially dependent reflec-
tivity is the application of micromirrors to the output facet of a VCSEL [19],
as shown in Fig. 1.1. In this structure, the reflectivity of the traditional DBR
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of the VCSEL is intentionally low, thereby extending the cavity to about 1
mm in length and including a curved dielectric mirror. The mirror has a
radius of curvature and focal point designed to reflect only a single-mode
efficiently, leading to lasing in only that mode. This design is able to achieve
very low beam divergence (M2 ≈ 1.22). However, the performance comes at
the cost of fabrication complexity and total device size. For the applications
targeted in this work, the large increase in size due to the external cavity is
not practical.
1.2 Phase Perturbation
Instead of spatially modifying field reflectivity, mode selection is also possi-
ble by inducing a spatial phase mismatch. The first of these methods is the
so-called surface relief method [20, 21]. VCSELs rely on high reflectivity dis-
tributed mirrors comprised of alternating quarter-wave layers. The thickness
of each of these layers (and thus each pair of alternating layers) is carefully
engineered to create constructive feedback from each interface. The surface
relief method achieves a phase mismatch by removing exactly one of the
quarter wave layers from the top surface of the VCSEL in the area with high
overlap with higher-order modes. By etching one of the DBR layers, the
semiconductor-air interface provides destructive feedback in the regions of
the cavity with the highest spatial overlap with higher-order modes, thereby
destroying the photon lifetime of these modes and increasing their threshold
modal gain. A plot of mirror loss as a function of etch depth is shown in Fig.
1.2. Therefore, lasing of higher-order modes is delayed and a larger fraction
of the operating range of the laser is single-mode in nature. This method is
able to produce 6.5 mW at 850 nm emission wavelength.
One major drawback of this approach is the thermal performance of the
device [22]. Because surface relief can reduce the photon lifetime in the cavity
by a factor of 3-4, the threshold current of the device will increase accordingly.
Therefore, a larger portion of the thermal budget of the device is dedicated
to reaching threshold instead of increasing lasing output power. It is possible
to partially mitigate this issue by carefully designing the lateral dimensions
of the surface relief to minimize the losses imparted to the fundamental mode
[23] but the impact will never be fully countered. In addition, because this
3
Figure 1.2: Left: Plot of mirror loss as a function of surface-relief etch
depth from [21]. Right: Schematic of dielectric anti-phase filter from [25].
method involves the removal of material from the surface, the injection cur-
rent profile of the device is altered. This will result in a non-uniform current
injection in the active region, which in turn selectively pumps higher-order
modes and makes mode selection more difficult. Increasing the active re-
gion size in order to achieve higher output power will only exacerbate this
effect. Finally, the surface relief method relies very heavily on precise etch-
ing techniques in order to remove exactly one quarter-wavelength layer. In
order to relax the etching constraint, the inverted surface relief method was
introduced [24] whereby an additional quarter-wavelength layer is purposely
grown atop the VCSEL structure and the center of the device is etched,
resulting in low loss for the fundamental mode.
A modification to the inverted surface relief method is to use a monolithic
sub-wavelength grating [26]. The structure is again grown with a purposely
high loss, quarter-wave phase mismatch layer. Instead of a blanket etch in
the area of high overlap with the fundamental mode, a grating (in this case,
a 1-D grating) is etched into the surface. Again, the depth of this layer
is exactly the quarter-wave depth. Because of the subwavelength nature
of the grating, the mode sees a composite effective index layer. Careful
design of the dimension and periodicity of the grating will result in single-
mode, single-polarization lasing of 4.1 mW. While providing improved mode
and polarization selectivity, this design also suffers from the aforementioned
surface relief problems, especially the current injection profile non-uniformity.
Improvements on this design move the grating from the surface of the device
and suspend it above a 1 µm air gap [27, 28], resulting in a low threshold
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current of near 1 mA. However, the device outputs only approximately 1 mW
of single-mode power and increases the fabrication complexity immensely by
adding a sacrificial layer below the grating that must be removed without
impeding electrical contact or current injection to the device.
Another approach to spatially dependent phase perturbations that avoids
surface etching (and thus avoids current uniformity issues) is the dielectric
anti-phase filter [25]. In this approach, the device is again grown with a
phase mismatch (though the layer is 140 nm in this case, much larger than
quarter-wave). A dielectric “coin” is deposited on the device in order to
match the phase and reduce the threshold modal gain for the fundamental
mode, resulting in 3.5 mW of single-mode output power. A schematic of this
VCSEL is shown in Fig. 1.2. This method is non-destructive and therefore
does not lead to non-optimal current paths, excess heating, or excess material
loss. As such, it will be considered in the future portions of this work as
an additive filtering mechanism along with the other methods described in
Chapter 6.
1.3 Selective Guiding
The final class of mode selection entails guiding/anti-guiding structures to
modify the waveguide properties of the VCSEL. One method involves fab-
rication of a standard oxide-confined VCSEL and subsequent regrowth of
AlAs cladding layers outside of the VCSEL pillar [29]. A schematic of this
device is shown in Fig. 1.3. The index of the AlAs regrowth layer effectively
anti-guides higher-order modes near the edge of the air post, resulting in
single-mode operation up to approximately 2.0 mW. In addition, the depth
of the initial VCSEL etch before regrowth is shown to decrease threshold
current to the order of 3 mA for a 16 µm VCSEL post. This device, while
obviously increasing fabrication complexity substantially due to the required
regrowth, is included here because of its compatibility with previously men-
tioned filtering mechansims that focus on surface modifications. In the effort
to reach higher single-mode output powers, it will be necessary to stack multi-
ple mode selection methods. In the optimized scenario, selective anti-guiding
could be implemented with other surface-based technologies to achieve im-
proved performance.
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Figure 1.3: Left: Schematic of PAR structure, including high-index
anti-guiding regrowth. From [29]. Right: Schematic of photonic crystal
VCSEL from [30].
Other selective guiding techniques include periodic surface etching tech-
niques to modify the waveguiding properties of the laser, such as the photonic
crystal VCSEL [31, 30] and the triangular holey structure [32]. A schematic
of the photonic crystal structure is shown in Fig. 1.3. These structures rely
on techniques that guarantee only the fundamental mode is able to propa-
gate in the cavity. Therefore, once the laser reaches threshold, only one mode
will lase throughout the operating range of the devices. It should be noted
that by changing the photonic crystal defect size and shape, Choquette et
al. [31] are able to control the mode shape and the number of modes sup-
ported. However, because these techniques involve etching the top surface
of the VCSEL, they pose the same current injection and heat-related issues
as the phase-related selection mechanisms. In the case of the photonic crys-
tal, these effects are further exacerbated by the etch depth required to reach
single-mode operation. In most cases, this method changes the waveguide
properties so drastically that the normal VCSEL modes are no longer sup-
ported and only the small photonic crystal modes propagate throughout the
cavity. This puts a low ceiling on the maximum power that these lasers can
attain because although the gain region across the entire oxide aperture is




This dissertation is organized into chapters corresponding to the design pro-
cess of single-mode VCSELs via impurity-induced disordering. Chapter 2
gives the basic operating principles of VCSELs along with a brief derivation
of the longitudinal and transverse modes. In addition, a simple model for
solving the longitudinal modes and the transverse mode overlap is presented.
Chapter 3 gives a brief overview of the history of impurity-induced disorder-
ing in AlGaAs structures as well as a description of the mechanism by which
IID changes the DBR in VCSEL structures. The simple longitudinal model
presented in Chapter 2 is extended to account for DBR disordering and used
to design both the vertical and transverse dimensions of IID VCSELs. Fur-
thermore, a discussion of the difficulties and considerations of Zn diffusion
is included. Chapter 4 describes the fabrication of IID VCSELs, including
the Zn diffusion process and results. This chapter also summarizes the key
device characterization results including sub-threshold characteristics, lasing
characteristics, and mode selection results. The most pertinent result here
is the experimental optimization of the IID aperture size for single-mode
performance. In addition, Zn diffusion is applied to the InP system by fab-
ricating avalanche photodiodes with the goal of extending to light emitters
in this wavelength regime. Chapter 5 addresses the inaccuracy of the simple
model presented by discussing the mode-matching method and applying it
to the tapered IID aperture present in aforementioned VCSELs. Chapter 6
discusses the stress mechanisms in silicon nitride films and how manipulating
them leads to experimental control of the IID emission aperture in order to
achieve maximum mode selection. Chapter 7 summarizes the results and dis-
cusses metallic surface relief as a future direction toward stackable filtering
mechanisms.
The Secondary Ion Mass Spectroscopy (SIMS) and Focused Ion Beam
(FIB)/Scanning Electron Microscopy (SEM) in this work were carried out in
the Frederick Seitz Materials Research Laboratory Central Research Facili-
ties at the University of Illinois in Urbana-Champaign. All fabrication was
carried out in the Micro and Nano Technology Laboratory at the University
of Illinois in Urbana-Champaign. All electrical and optical characterization





The goal of this chapter is to introduce the operating principles of vertical-
cavity surface-emitting lasers (VCSELs). Most of the focus will be on the
mode profiles supported by these structures as the principal result of this
work is to control the modes. The simple model first presented in this chapter
will be extended in subsequent discussions to account for design iteration and
impurity-induced disordering.
2.1 Basic Operating Principles
In its simplest form, VCSEL operation can be separated into its longitudinal
and transverse components, each of which provides physical insight into the
laser’s operation. A schematic of a standard oxide-confined VCSEL is shown
in Fig. 2.1 illustrating the top p-type and bottom n-type distributed Bragg
reflectors (DBR), the active region, and the oxide layer.
The longitudinal behavior of the VCSEL can be modeled as a simple Fabry-
Pérot cavity, also shown in Fig. 2.1. For the electric field to oscillate in
this resonator, the field must not attenuate during a single round-trip pass
through the cavity, yielding the condition
|rtop|eikφtopeikLeΓ(g−α)L|rbot|eikφboteikL = 1 (2.1)
where g and α represent the cavity gain and loss (respectively), r and φ
represent the mirror reflection and phase (respectively), L is the length of
the cavity, k is the wavenumber, and Γ is the field confinement factor. Note
here that α includes the material loss as well as any other loss terms like
diffraction and φ includes the phase accumulation from both the complex
mirror facets and propagation in the cavity.
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Figure 2.1: Left: Schematic of a standard oxide-confined VCSEL. Right:
Schematic of a Fabry-Perot resonator used to model the longitudinal
behavior of a VCSEL. The top and bottom DBR stacks are each modeled
as a single-layer mirror with a field reflection coefficent of r and a phase φ.
Collecting the real-valued terms yields







which is nothing more than the mathematical statement that the net modal
gain, Γg, experienced by the mode as it propagates through the cavity must
balance the total losses from the material and the mirrors. Note here that
the field reflectivity has been replaced by the power reflectivity defined as
|R| = |r|2. The manipulation of both the field confinement and the loss terms
will be the main mechanism to provide mode-specific loss as discussed in
Chapter 4. Mode suppression techniques involve lowering the confinement,
increasing round-trip loss, or lowering mirror reflectivity for those modes.
Mode enhancement techniques involve increasing reflectivity or enhancing
modal gain by increasing the confinement factor for certain modes.
Collecting the imaginary-valued terms yields
2kL+ φtop + φbot = 2mπ (2.3)
where m is any integer. Physically, this is interpreted as the requirement
that any mode of the Fabry-Pérot cavity will have a zero-sum phase upon
completing a round trip. Manipulation of this phase term is crucial for most
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post-processing mode selection filters, such as the surface relief method [21] or
anti-phase dielectric filter [25]. By ensuring that residual phase propagates
through the cavity (usually via a surface-altering technique), the resonant
wavelength of the structure shifts. This results in either a reduction in the
spatial overlap of the standing wave with the gain region or a reduction in
the spectral overlap between the cavity peak and the gain peak.
Although most VCSELs support only a single longitudinal mode due to a
very short cavity length, most support many transverse modes because of the
weakly guided nature of the structures lateral confinement. The transverse
mode behavior of VCSELs can be modeled as a weakly guided step index
fiber (under the same assumptions above, namely that the longitudinal and
transverse components of the device can be separated). Dielectric step-index
fibers support hybrid electromagnetic modes. For simplicity, only a succinct
description is given here with specific details relevant to laser design. Full
field expressions and rigorous derivations of mode solutions can be found in
[33] and [34].
The transverse mode profiles (in cylindrical coordinates) are the solutions













where kρ is the transverse wavenumber. This equation has well-documented










where Jm is the Bessel function of m-th order and Cm is the corresponding
mode-specific normalization constant. The field outside the waveguide must














m is the Hankel function of the second kind. The coefficients Cm
and Dm can be solved by imposing appropriate boundary conditions at the
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Figure 2.2: Left: 1-D mode profiles for finite element method (FEM)
solutions to step-index fiber with the fundamental mode shown in solid
black. Right: 2-D mode profiles for fiber modes with ncore = 3.5, nclad =
3.45 and an oxide radius of 3 µm.
core/cladding interface. The first few modes for the step-index fiber approx-
imation of a VCSEL with core index of 3.5, cladding index of 3.45, and core
(oxide) radius of 3 µm are plotted in Fig. 2.2 along with the 1-D radial
profiles of each mode. The approximation that ∆n ≈ 0.5 is the appropriate
order for most VCSEL structures assuming that the index of each layer is
weighted by the longitudinal field intensity.
Because VCSEL modes are weakly guided, the LP approximation is often
used to describe the modes in both fibers and VCSELs. Specifically, this
means that the longitudinal field components of E and H are very small
compared to the transverse components (or, thought of another way, the
transverse wave number is small compared to the longitudinal wave number).
It should be noted that this approximation only breaks down in the case of
very high-order modes with large transverse k, in the case of very high carrier
injection and temperatures where the radial index profile in the cavity is no
longer step like, and in the case that the lateral confinement aperture is much
smaller than the material wavelength. For VCSEL applications like the one
discussed in this work which requires powers about 1 mW, the apertures are
large enough for this approximation to hold.
Note the radial location of the electric field peaks for each mode increases
as a function of mode number except for LP0n modes, which still have a
peak in the center of the VCSEL (LP02 is shown in dashed blue in Fig. 2.2).
The fraction of optical mode power that lies near the center is the focus
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of many spatially dependent mode selection filters and will be relevant to
the impurity-induced disordering VCSEL discussed in Chapters 3 and 4. In
addition, because weakly guided solutions to the wave equation have little
to no φ̂ variation, the radial projections of these modes will be used in the
calculation of optimal aperture size.
2.2 Cavity and Reflector Design
Returning to the longitudinal behavior of the VCSEL, it is clear that due to













and, in the case of a semiconductor-air interface, yields only approximately
30% reflection. Therefore, VCSELs are grown with a distributed mirror. Al-
ternating layers of variable material composition with quarter-wave thickness
are grown above and below the cavity to provide total reflectivity that can be
in excess of 98%. In order to model this, the transfer matrix method (TMM)
can be employed, as discussed in [35]. Considering a plane wave propagating
in non-magnetic materials, each single layer of the distributed Bragg reflector





















where l is the layer number, d is the thickness of the layer, kiz is the longi-
tudinal wave number in layer i given as
kiz =
√
ω2µ0n2i − k20z (2.10)
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Figure 2.3: Top Left: Power reflectivity for DBR half-stack with n1 = 3.55
and n2 = 3.06 along with an 80 nm GaAs cap. Bottom Left: Corresponding
phase plot showing resonance (0 phase) at design wavelength. Right:
Longitudinal electric field standing wave profile for index profile plotted
above.
Then, considering the entire DBR stack comprised of N layers, the reflection













An example calculation for a DBR half-stack designed at 850 nm is shown
in Fig. 2.3. Note that the reflection spectrum has a broad stop-band and
peaks at the design wavelength at over 99% power reflectivity. The reflection
phase is 0 at this point, indicating no destructive feedback at this wavelength.
As mentioned above, modifying the laser structure to provide mode-selective
destructive feedback is a primary mode selection tool. Note that the asym-
metry of the spectra is a result of both index dispersion and plotting against
wavelength instead of frequency.
Again following [35], the transfer matrix method can be used to find the




Figure 2.4: Left: Gain spectra for an InGaAs quantum well structure
designed for 980 nm emission for temperatures ranging from 283 K to 473
K at a fixed carrier injection of 1×1018 cm−3. Right: Same for varying
carrier injection densities at a fixed temperature of 283 K.
the same matrix formulation (known as the backward propagation matrix
method) described above can be applied. The resulting standing wave pat-
tern is shown in Fig. 2.3. Note the electric field buildup near the active
region (marked as “0” in the figure). The fraction of the longitudinal electric
field in the active region, referred to hereafter the confinement factor and de-
marcated as Γ, will be a point of interest to the threshold current of various
laser devices and will be a parameter used to manipulate mode selection in
later sections.
In addition to the DBR themselves, the cavity design also plays an impor-
tant role in the basic operation of VCSELs. Most modern VCSEL structures,
including all those presented in this work, rely on quantum wells as the gain
medium. Therefore, maximizing the spatial overlap of the electric field profile
with the quantum wells will greatly enhance the performance of the laser. In
addition, consideration of the spectral resonance of the cavity and its overlap
with the gain spectrum of the quantum wells is required. An example of a
three quantum well (QW) gain region composed of InGaAs wells and GaAsP
barriers designed for 980 nm lasing is shown in Fig. 2.4. Note that increasing
the active region temperature results in a red shift due to changes in material
properties and that increasing the injection carrier density results in a blue
shift due to band gap renormalization. During normal operating conditions,
the red shift dominates and the gain peak experiences a net red shift with
higher injection currents. Therefore, it is common practice to purposely blue
shift the gain peak from the resonance cavity in order to optimize the spec-
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tral overlap for higher operating temperatures. All lasers presented in this
work are blue-shifted by approximately 15 nm unless otherwise stated.
An in-depth discussion of the cavity design is given in [36] and [35]. For
the purpose of this work, all 850 nm designs will use a one λ cavity with the
quantum wells located at a field peak and an oxidation layer located as close
to a field null as possible to minimize diffraction loss. All 980 nm designs
will use a 3/2 λ design with the quantum wells located in the center of the
cavity for maximum field overlap. Oxidation layers in both cases are 30 nm
thick unless otherwise stated.
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CHAPTER 3
THEORY AND DESIGN OF
MODE-CONTROLLED VCSELS VIA
IMPURITY INDUCED DISORDERING
Since the discovery of impurity-induced layer disordering by Laidig, et al. [37]
in AlGaAs superlattices via zinc diffusion, it has been employed in a variety
of III-V laser structures [38]. This dissertation aims to describe the appli-
cation of impurity-induced disordering to single-mode high-power VCSELs
as it relates to mode selection. Although distributed Bragg reflectors are
comprised of layers much thicker than the superlattice layers first shown in
the pioneering disorder studies in [37, 39] and [40] they are still subject to
impurity-induced disordering and therefore variable reflectivity as the Group
III elements diffuse to change the index of refraction in each layer.
Impurity-induced disordering (IID) has been used in VCSEL structures
previously to improve high-speed modulation performance [41, 42], energy-
to-data rate ratio [43], and to investigate single-mode performance [44, 45].
However, the author would like to note that previous investigations have
focused on IID apertures to define the optical cavity itself (as in [45]) or
on IID apertures as large or larger than the optical cavity (as in [44]) to
absorb oxide modes. The focus of this dissertation is a systematic study of
the properties of IID-VCSEL structures where the IID layers play a more
significant role in the optical cavity and serve to filter the cavity modes
without reconstruction of the cavity itself.
3.1 Zinc Diffusion and Disordering in AlGaAs
Superlattices
The presence of Zn impurities in an AlGaAs structure has two related ef-
fects. The first is the diffusion of Zn into the lattice as both a substitu-
tional and interstitial impurity. The second is to catalyze the interdiffusion
of Group III elements across epitaxial boundaries, effectively resulting in bulk
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AlxGa1−xAs. These two phenomena will be discussed independently as each
plays a role in the modal properties of VCSELs. The author would like to
note that only a brief summary is provided here to lay the groundwork for
IID applications in VCSELs. A more complete explanation can be found in
[37, 38, 46].
Consider first the case of Zn diffusion in bulk binary III-V material devoid
of both epitaxial interfaces and alloy materials as in [47, 48]. The Zn diffusion
rate in this case is extremely dependent upon the Zn concentration already
present in the material. Longini proposes in [49] that as an interstitial im-
purity, Zn acts like a donor dopant and therefore has a rapid diffusion rate,
whereas substitutional Zn acts a standard acceptor dopant with a much lower
diffusion rate. Therefore, as more Zn occupies substitutional vacancies, the
diffusion rate of the donor-like interstitial Zn changes accordingly, explaining
the separate diffusion fronts for interstitial and substitutional Zn. Specifi-
cally, the interstitial Zn penetrates further into the GaAs as substitional Zn
occupies more the Group III vacancies in the lattice.
Furthermore, while at elevated temperature, Group III elements (in this
case, Ga or Al) exist in higher concentrations at the surface of the sam-
ple. This occurs either by the diffusion of Frankel defects resulting from a
Group III element occupying an interstitial state and leaving behind a lattice
vacancy, as
0  IIIi + IIIv (3.1)
or via Group V desorption from the surface if the As overpressure during
diffusion is too low. In either case, the surface acts as a sink for the Group
III elements, allowing the Zn to penetrate deeper into the surface by filling
the vacancies left behind by the surface Group III atoms [38]. The movement
of Zn through the Group III vacancies is given as
Zn+i + V




where V 0 indicates a neutral vacancy, h+ is a hole, and the subscripts s and
i indicate substitutional and interstitial Zn respectively [37]. A schematic of
this mechanism is shown in Fig. 3.1.
Moving from bulk III-V to a III-V superlattice structure, an additional
physical interaction has been proposed by [50], called the “kick-out” mecha-
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Figure 3.1: Schematic showing (a) as-grown GaAs, (b) Zn diffusing toward
Group III vacancy, (c) substitutional and interstitial Zn, (d) interstitial Zn








which provides the required Group III vacancies for impurity-induced dis-
ordering. Specifically, Eq. 3.3 adds to the concentration of substitutional
Zn while also adding interstitial Group III elements that will account for
the self-diffusion and intermixing present in superlattice materials (discussed
below).
Group III vacancies created by the mechanisms described above can also
facilitate self-diffusion. For an AlAs-GaAs structure, interstitial Al or Ga
atoms can interact with the Frenkel defects of the opposite Group III el-
ements which leads directly to intermixing of the AlAs-GaAs layers. This
phenomenon is described by [38]
VGa  VGa + (IAl + VAl)  (VGa + IAl) + VAl  VAl (3.4)
where V indicates a lattice vacancy and I indicates an insterstitial atom.
It should be noted here that this description of Zn diffusion and Group III
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Figure 3.2: Schematic showing (a) interstitial Zn in an GaAs-AlAs
heterostructure (b) kick-out, as described by Eq. 3.3 (c) Group III
interdiffusion and (d) intermixed layers with interstitial Zn.
interdiffusion relies on the existence of interstitial atoms and assumes single-
vacancy dominated diffusion. There is further discussion of the merits of this
model in [51] and a discussion of the divacancy model in [52]. A schematic
of the intermixing described above is shown in Fig. 3.2.
3.2 Design of IID Distributed Bragg Reflectors
In order to apply impurity-induced disordering techniques to mode selection
in VCSELs, it is necessary to find the index profile of the IID DBR stack
after Zn diffusion. To this end, a generalized version of the model put forth
in [53, 54] is used. Specifically,

















Figure 3.3: Left: Refractive index profiles and electric field distributions for
various Zn diffusion levels. Right: Reflection spectra for various Zn
diffusion levels. Colors correspond to index profiles in left image.
where XGa is the mole fraction of Gallium as a function of z (the growth
direction), X0 is the mole fraction of Gallium in the low-Al containing layers,
hn is the thickness of each high-Al containing layer, Dn is diffusion coefficient
of each high-Al containing layer, and t is the diffusion time. Here, the sum
is over each of the high-Al content layers in the DBR stack. An analogous
model could be written to account for the position-dependent mole fraction
of Al instead, though the choice should be based on the boundary conditions
of the stack. The constant f is chosen based on the mole fraction contrast
of the high- and low-Al content layers.
Note that the diffusion coefficient varies in each layer to reflect the fact
that Group III atomic diffusion is heavily dependent on the Zn concentra-
tion and available Group III lattice vacancies, which themselves are position
dependent [38].
The resulting index profiles are then used to calculate the reflection spectra
and electric field distribution in the IID DBR stack. Example calculations
for conservative, moderate, and aggressive Zn diffusion are shown in Fig. 3.3.
The Zn diffusion levels are taken based on the diffusion lengths Ln =
√
Dnt
where the conservative, moderate, and aggressive surface diffusion lengths L0
= 20, 30, and 40 nm, respectively. In practice, these parameters are tuned
by increasing diffusion time or temperature (thereby increasing the diffusion
coefficient).
As the Zn diffusion depth increases, the level of intermixing in the AlGaAs
layers also increases. This causes the DBR layers to lose their effectiveness
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as a reflector because the effective index contrast between layers is reduced.
This is reflected in the spectra shown in Fig. 3.3. Furthermore, as the stack
becomes less reflective, the electric field magnitude increases in the disordered
layers. The effect of this phenomenon on laser performance is twofold. First,
because the mirror effectiveness is reduced, the round-trip mirror loss in the
IID DBR will increase. Secondly, because the electric field magnitude in the
area of high impurity concentration is increased, the total material loss will
increase. Therefore, the threshold modal gain of the laser will increase for
the IID DBR as
Gm = Γgth = αm + αi (3.6)
An alternative explanation for the increase of threshold modal gain can made
from the field perspective. Because of the intermixed interfaces, the field
confinement factor Γ in the active region decreases. Therefore, the material
gain must be higher at threshold to compensate, resulting in a higher required
carrier injection to overcome round-trip losses.
However, for adequate mode selection, it is necessary to tailor the addi-
tional loss mechanisms to interact only with the modes whose suppression is
desired. Therefore, returning to the fiber approximation model to describe
the transverse modes in a VCSEL, it is possible to calculate the optimal IID
aperture radius to guarantee maximum IID overlap with higher-order modes
while still minimizing overlap with the peak-centered fundamental mode.








A plot of the results for a 3 µm oxide-confined VCSEL is shown in Fig. 3.4
assuming a core index of 3.5 and a cladding index of 3.45. The mode profiles
and integration values are solved via FEM. The optimal IID aperture size
is found to be between 1.25 µ and 1.5 µm, corresponding to 42-50% of the
oxide radius.
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Figure 3.4: FEM calculation of the fraction of each mode that experiences
the higher loss of IID as a function IID aperture opening, denoted as rZn.
3.3 Zn Diffusion Design Considerations
Extending this model for Zn diffusion into the distributed Bragg reflectors
that comprise the VCSEL p-type mirror poses some notable difficulties in-
troduced by the increased layer thicknesses. The first is the exacerbated
importance of the three-front diffusion profile for Zn, demonstrated in [55].
Although the Zn diffusion front can be as deep as a few microns into the
superlattice, the intermixing penetrates only a fraction of that. In the case
of very thin superlattice layers (≈ 32 nm per pair), the total intermixing
penetrates nearly 70% of the total Zn depth and partial intermixing persists
to nearly 98%. However, for thicker superlattice pairs (≈ 110 nm per pair),
total intermixing does not occur and partial intermixing persists only about
80% of the Zn depth [55].
This effect is also clear in different DBR structures. Figure 3.5 shows a
comparison between DBR stacks design for 850 nm lasers (≈ 130 nm per
pair) and 980 nm lasers (≈ 150 nm per pair). Both samples are diffused at
625 ◦C for 60 minutes. The 980 nm design is implanted with Zn to enhance
the diffusion and intermixing prior to closed ampoule diffusion. The 980
nm design does not experience any complete intermixing and the partial
intermixing region extends to only about half of the total Zn penetration.
The 850 nm design, on the other hand, completely intermixes about four
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Figure 3.5: Secondary Ion Mass Spectrometry (SIMS) results showing zinc
diffusion into AlGaAs DBR with (left) 850 nm design (right) 980 nm design
thicknesses.
DBR pairs, with partial intermixing extending near 80% of the Zn depth.
Therefore, thinner DBR layers not only have a deeper Zn penetration at a
fixed time and temperature but also a larger fraction of complete intermixing,
making them stronger candidates for mode selection via impurity induced
disordering. It should be noted that increasing the time or temperature of the
diffusion would serve to increase the total Zn penetration depth, but would
not change the fraction that is totally intermixed. Therefore, thicker DBR
pairs are limited by the requirement that the total Zn depth stay reasonably
far from the gain region in order to avoid any intermixing of the quantum
wells. There is also a ceiling on the maximum temperature that a diffusion
can occur because spontaneous intermixing can occur at temperatures near
that of the quantum well growth.
In addition to stunted intermixing, DBR structures suffer from greatly
enhanced lateral diffusion compared to superlattice structures. This occurs
because of the vast discrepancy between diffusion coefficients for Zn in GaAs
versus AlAs, nearly 350 times faster at 575 ◦C [46]. Because of this, the Zn
can penetrate laterally in the high AlAs (or high composition AlxGa1−xAs
layers) and act as a source for the GaAs (or low composition AlxGa1−xAs
layers) below. Furthermore, the AlAs diffusion coefficient increases at a
higher rate than the GaAs coefficient in the temperature range at which
Zn diffusion is performed, leading to a highly temperature-sensitive lateral
diffusion profile. An example of this behavior is shown in Fig. 3.6 for the
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Figure 3.6: Left: Longitudinal (black filled) and lateral (blue hollow) Zn
diffusion fronts in 850 nm DBR as a function of diffusion time at 585 ◦C.
Right: Scanning electron micrograph (SEM) of 56 min diffusion showing Zn
profile. Note all diffusions performed using a PECVD SiNx mask.
850 nm design DBR stack. Note the vast increase in lateral diffusion with
only a nominal increase in the vertical diffusion depth. The longitudinal
diffusion rate through the entire structure is limited by the low composition
AlxGa1−xAs, whereas lateral diffusion depends only on the composition of
each individual layer.
Because the lateral diffusion rate is so high compared to the vertical dif-
fusion rate, careful thought must be given to the laser design in order to
optimize the overlap of IID regions with higher order modes without com-
promising the integrity of the cavity in regions with higher fundamental-mode
overlap. Note here that the tapered nature of the Zn diffusion profile may
create a larger allowance for lateral diffusion than a step-like diffusion profile
though an increase in fundamental threshold will still likely occur. This ef-
fect is not captured in the simple TMM model used to design the structure,
though an extension is explained in Chapter 5. Careful control of the diffu-
sion mask itself and the effect of various deposition conditions will also be
discussed in Chapter 5.
Furthermore, in order to induce a level of disordering consistent with com-
plete intermixing, the diffusion temperature must be increased. Unfortu-
nately, as shown in Fig. 3.7, the lateral diffusion increase far outweighs
the vertical diffusion increase. However, VCSEL epitaxial structures often
include a thick, heavily doped GaAs layer to improve contact resistance. Be-
cause of the low (or non-existent) Al mole fraction in this layer, the lateral
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Figure 3.7: Scanning electron micrographs showing the results of zinc
diffusion into AlGaAs DBR layers at left: 585 ◦C and right: 600 ◦C for 56
minutes.
diffusion can be impeded. This highly doped cap can be used as a design
parameter that will inhibit lateral diffusion though this will require longer
diffusions due to the aforementioned discrepancy in diffusion rates for high




CHARACTERIZATION OF IID VCSELS
Impurity-induced disordered VCSEL fabrication follows a well-established
protocol. However, the Zn diffusion is unique to this device and warrants
further discussion here as its specific application to VCSELs may differ from
previous work.
4.1 Device Fabrication
The devices in this chapter, unless noted otherwise, consist of a 20-pair top
p-type DBR stack and a 37-pair bottom n-type DBR stack. The cavity is a 2
λ cavity with 3 GaAs 8 nm quantum wells offset from the center for maximum
longitudinal field overlap. The DBR stacks are grown with alternating layers
of Al0.12Ga0.88As and Al0.90Ga0.10As. A 140 nm cap layer of highly doped
GaAs is grown on top of the structure to improve contact resistance and
current spreading. The oxide layer is 30 nm of Al0.99GaAs. The devices
are then masked with a patterned dielectric and sealed in an ampoule with
Zn3As2 at a pressure below 5×10−6 Torr. Diffusion temperatures range from
575 ◦C to 625 ◦C and times range from 40 to 120 minutes. A schematic of the
seal-off station is shown in Fig. 4.1. The device mesas are formed by a Cl-
based ICP/RIE etch, selectively oxidized via a wet-oxidation process at 405
◦C, and planarized with spin-on glass or BCB. The p-type Ti/Pt/Au contact
is deposited by electron beam evaporation. The blanket AuGe/Ni/Au n-
type contact is deposited on the GaAs substrate after chemical-mechanical
polishing and alloyed at 405 ◦C. A schematic of the final device is shown in
Fig. 4.2 along with a SIMS scan showing the top DBR of a witness sample
and an SEM of the Zn diffusion profile of the same witness sample.
As mentioned above, Zn diffusion itself requires an in-depth discussion due
to the nuance of its application to DBR structures. According to [56], the
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Figure 4.1: Schematic for seal-off station for Zn diffusion.
mask material used during diffusion can greatly alter the diffusion profile
along the semiconductor-dielectric interface. Because the performance of
the VCSEL is greatly dependent on the ratio of the zinc diffusion aperture
to oxide aperture, careful control of the lateral diffusion profile is required.
As such, a variety of masks were investigated using the tools available. A
summary of the results is given in the right-hand plot of Fig. 4.3. A more
in-depth discussion of experimental control and optimization of the diffusion
masks is given in Chapter 5.
The high frequency (HF) PECVD SiNx deposited at 300
◦C masks had the
highest lateral diffusion rates, making this mask unreliable for the VCSEL
structure as the mask size would need to be larger than the oxide opening,
thereby partially mitigating the effects of disordering. Low frequency (LF)
PECVD SiO2 deposited at 350
◦C yielded similar results in terms of lateral
to vertical diffusion rates. Note that two different tools were used in the
SiO2 investigation and yield approximately equal results. These two tools
are denoted by “LF SiO2” and “LF SiO2-PL” in Fig. 4.3. In addition,
room temperature SiO2 deposited via dielectric sputtering was tested. The
lateral diffusion is acceptable although the mask itself began to crack during
the diffusion, leading to Zn spiking in masked regions. The mixed frequency
SiNx deposited at 300
◦C, made by alternating 6 seconds of HF and 2 seconds
of LF deposition, performed the best with a ratio of 2:1 for lateral:vertical
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Figure 4.2: Left: SIMS scan of witness sample showing intermixing of DBR
layers. Top: KOH:K3[Fe(CN)6] stained SEM of lateral Zn diffusion profile.
Bottom: Final device schematic.
diffusion. This is still a larger than desirable ratio, but the removal of the
VCSEL cap layer will compensate for the zinc that has diffused past the
optimal radius. These results are consistent with the idea that interfacial
stress (calculated by [57]) increases lateral diffusion rate, but this hypothesis
is contrary to [56] and will be explored further in Chapter 5.
As previously discussed, the VCSEL performance depends greatly on the
zinc diffusion depth and the magnitude to which it disorders the DBR lay-
ers. To this end, secondary ion mass spectrometry experiments are performed
on diffused layers using a Cs-133 beam. An example is shown in Fig. 3.7
for a diffusion at 585 ◦C for 80 minutes. Note that the sputtering rates
of Al0.15GaAs and Al0.90GaAs are different, leading to an oscillatory pat-
tern in the Cs-Zn counts that is not physical. The first four DBR layers
are completely intermixed, meaning that they appear as a bulk Al0.53GaAs
layer to the optical mode and thus provide limited feedback. The area high-
lighted in green denotes the partially intermixed layers, where the interfaces
between DBR layers is not sharp, though complete intermixing has not oc-
cured. These layers will also reduce reflectivity, though not to the extent of
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Figure 4.3: Left: Secondary ion mass spectrometry results for Zn diffusion
into 850 nm design DBR layers. Right: Comparison of different mask types
used for Zn diffusion. Key in text.
those completely intermixed [55]. However, due to the presence of the Zn
atoms, this region retains the high free carrier absorption losses.
4.2 Sub-Threshold Characteristics
After fabrication, the devices are tested before etching the thick GaAs cap.
The devices are mounted on a highly conductive Al platen and current-
voltage characteristics are measured via an HP 4145B semiconductor param-
eter analyzer (SPA). For all light output power measurements, the emission
is collected via a broad area Ge detector. For spectral measurements, light
output is collected via a pig-tail fiber with a ball lens whose diameter is far
larger than the emission aperture of the devices to maximize collection effi-
ciency. Spectra are measured with an HP 70951B optical spectrum analyzer
(OSA).
Because of the thick remaining GaAs cap, the devices discussed here do
not lase as the layer provides a large level of phase mismatch (discussed in
[25]). The current-voltage (IV) characteristics of standard oxide-VCSEL and
IID-VCSEL devices are shown in Fig. 4.4.
To find the diode series resistance Rs, the portion of the IV curve spanning
1/4 Imax to Imax is fit with a line. The resistances for the IID devices are,
on average, 78 Ω lower than the standard oxide-confined VCSELs. This
is expected as the IID reduces the number and sharpness of the epitaxial
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Figure 4.4: Left: Current-Voltage (IV) plots for a standard oxide-confined
VCSEL with a 10 µm aperture. Right: IV plots for an IID-VCSEL with a
10 µm oxide aperture and variable IID apertures.
ternary interfaces allowing for easier carrier flow. In addition, Zn acts as an
additional p-type dopant in the DBR thereby increasing the conductivity of
the diffused regions.
The IID also results in a lower turn-on voltage for the diode, decreasing
it from 2.56 V to 1.93 V and indicating a lower contact resistance between
the Ti/Pt/Au contacts and the diffused GaAs cap layer. The Zn diffusion
raises the Fermi level in the GaAs cap near the metal, allowing for a smaller
voltage drop across the contact interface.
The light output vs. current (LI) characteristics of the same VCSELs
studied in Fig. 4.4 are shown in Fig. 4.5. Due to the intermixing of DBR
interfaces, a larger fraction of the mode escapes the cavity after each round-
trip pass, resulting in higher output power for the IID VCSELs compared to
the standard oxide-confined structures. This increase in power is present for
all lateral IID aperture sizes. As the lateral dimensions of the IID-aperture
increase, the total optical power approaches that of the standard device,
indicating that a larger fraction of the optical field experiences the large
reflectivity of the non-disordered DBR. Furthermore, the thermal rollover
point of the spontaneous emission in the IID devices is delayed to near 18
mA whereas the standard devices roll over near 10 mA. This is consistent
with the lower operating voltage (and thus decreased thermal effects) shown
in Fig. 4.4.
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Figure 4.5: Left: Light-Current (LI) plots for a standard oxide-confined
VCSEL with a 10 µm aperture. Right: LI plots for an IID-VCSEL with a
10 µm oxide aperture and variable IID apertures.
4.3 Lasing and Mode Control Results
In order to compare lasing characteristics, the GaAs cap is etched via a
Cl-based RIE process 40 nm before Zn diffusion. Removing the cap prior
to fabrication ensures that any surface topology or residue from processing
steps will not be transfered to the device. In addition, the level of intermixing
in the DBR is shown to increase because the material removed is of low Zn
diffusivity.
LIV and spectrum measurements from IID-VCSELs with a 3 µm oxide
aperture are shown in Fig. 4.6. Note that the operating voltage for all lateral
IID aperture sizes are very similar as series and contact resistances depend
only Zn penetration depth and concentration (respectively), which are the
same for all device measured. The threshold currents for the 1.0 µm, 1.3 µm,
and 1.6 µm devices are 332, 271, and 300 µA respectively. One explanation
for the changes in threshold is the competition between IID losses and the
improved carrier injection profile offered by the increased doping in IID areas.
The decrease in threshold from the 1.0 µm IID aperture to 1.3 µm aperture
occurs due to the decrease in overlap of the fundamental order mode with the
IID region. That is, for the 1.0 µm IID aperture, all modes have significant
overlap with the high-loss IID regions. As the aperture increases in size,
it maintains the large overlap with the higher-order modes but no longer
impacts the fundamental mode, thereby reducing the threshold current of
the device. However, further increasing the IID aperture from 1.3 µm to 1.6
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Figure 4.6: Left: LIV results for IID-VCSELs with 3 µm oxide apertures
and IID apertures as marked. Inset is zoomed via near threshold. Right:
Corresponding maximum power spectra with marked injection levels.
Colors as left. After [58].
µm results in an increase in threshold. While the total overlap of the high-
loss IID regions with the optical modes is again decreased, the benefit of the
additional current spreading from the IID regions is reduced. Specifically,
the decrease in modal loss by increasing the IID aperture size is a smaller
effect than the non-uniform current profile.
It should be noted that while the IID losses and injection current profile
can explain the initial decrease, then increase of threshold current, the effect
of the Zn diffusion on material index is another possible explanation. The
refractive index in Zn diffused GaAs and AlGaAs slightly increased relative
to that of the non-Zn diffused regions [59, 54]. Therefore, the optical mode is
slightly pulled toward the higher index regions, resulting in a larger mode size.
Because the threshold current density is the determining factor for the turn-
on of a mode, an increase in mode size would also result in a larger threshold
current. For the IID VCSEL specifically, as the IID aperture increases in
size, the mode has a smaller overlap with the IID loss but also expands in
size, thereby increasing the current injection level required for lasing.
The LIV characteristics in Fig. 4.6 also show an increase in thermal rollover
current with an increase in IID aperture size. Because the Zn diffusion re-
sults in layer intermixing, the material in the IID regions of the laser are
of average composition AlGaAs, meaning that there is a decrease in thermal
conductivity in those regions [60]. Therefore, the heat generated in the active
region is unable to escape through the top DBR or laterally through the IID
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Figure 4.7: Comparison of maximum output power and maximum
single-mode output power as a function of IID aperture size for a 3 µm
oxide-confined IID VCSEL. Inset shows optimal configuration. After [58].
regions, resulting in faster thermal rollover. It should also be noted that due
to the increased carrier density in the IID regions, free carrier absorption also
causes this region to act as a heat source, albeit a minor one in comparison
with the active region.
The spectra in Fig. 4.6 are taken at the maximum output power of the 1.0,
1.3 and 1.6 µm devices. Note that the number of modes supported increases
with increasing IID aperture size, indicating that the IID filter is functioning
as expected. The number of modes also increases with injection (as it does
for all standard oxide-confined VCSELs) as more cavity modes are able to
reach threshold. Each device is swept through its entire operating range to
determine the maximum single-mode output power achievable, taken in this
work to be a side mode suppression ratio (SMSR) of 25 dB. The results are
shown in Fig. 4.7.
In the case of the two smallest IID apertures, all modes experience the high
loss of the IID region. The lack of increase in both total power and single-
mode power moving from 0.4 µm to 1 µm indicates that the lateral diffusion
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profile is pinched off. The profile may still be tapered near the center, but the
total overlap with all modes is very high, leading to a sub-optimal filtering
mechanism. Devices in this range are single-mode for the entire operating
range, but the total power output is low. Further increasing the IID aperture
leads to the optimal case where the IID losses are high for undesired modes
but very low for the fundamental mode. This results in the maximum output
power of 1.6 mW for the 1.3 µm IID aperture device. The maximum output
power of this device is 2.0 mW. Increasing the aperture size further results in
the case where the IID regions have less impact with all modes, including the
higher order modes, and multimode lasing occurs. The total output power
of these devices continues to increase as the IID aperture approaches that of
the oxide aperture, but the single-mode performance decreases. Therefore,
the optimal configuration for a single-mode VCSEL via IID is a 1.3 µm IID
aperture for a 3.0 µm oxide aperture, corresponding to a ratio of 0.43. This
agrees with the calculated optimal modal overlap discussed previously.
4.4 Thermal Characteristics
In addition to single-mode performance, it is also useful to study the effects
of impurity-induced disordering on the thermal performance of the devices.
As mentioned in the previous section, [60] suggests that an average composi-
tion of AlGaAs would give a better thermal performance than the as-grown
interfaces. In order to measure this effect, the lasing wavelength of each mode
is tracked for a variety of IID apertures for a fixed 3 µm oxide aperture. The
results are shown in Fig. 4.8.
At threshold, the smallest IID aperture device has the shortest lasing wave-
length. The wavelength steadily increases with aperture size, indicating that
the Zn diffusion has a similar effect to shrinking the cavity size. This means,
then, that the impurity diffusion does in fact change some of the cavity prop-
erties, effectively shrinking the cavity aperture even though only a fraction
of the field interacts with the disordered DBR. This may explain, in part,
why the original model for the IID VCSEL layer structure failed to predict
the correct optimal IID aperture size. The assumption that the intermixing
of the top few layers of DBR would have virtually no effect on the cavity
was incorrect. It should be noted, though, that the redshift experienced by
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Figure 4.8: Left: Lasing wavelength as a function of injection current for the
fundamental mode of a 3 µm oxide VCSEL. Each curve is for a different IID
aperture. Right: Same for the first higher order mode of the same VCSEL.
the fundamental order mode is on the order of 7 Å, corresponding to a very
small change in cavity size. The first higher order mode experiences a sim-
ilar effect, though the lasing wavelength for these modes follows closely the
expected wavelength with respect to the lasing mode for each IID aperture
size.
More important that the lasing wavelength and small effect that the impu-
rity diffusion has on the cavity, though, is the difference in thermally-induced
red shift for the modes. If the intermixed DBR did in fact aid the thermal
performance of the devices as predicted, the induced red shift for a fixed in-
jection current above threshold would be smaller, thereby indicating a more
efficient heat removal path than the as-grown DBR. What is observed in Fig.
4.8 is the opposite. As the IID aperture becomes smaller, the cavity peak
actually experiences an enhanced thermal effect and red shifts faster than
the larger IID apertures. For the higher order mode, the trend is the same
though the magnitude of the effect is smaller. However, this does not negate
the results presented in [60].
During operation, heat must escape the active region via phonons. How-
ever, due to the many-layered mirrors in VCSEL structures, heat extraction
is not as efficient as in edge-emitting devices with bulk semiconductor regions
surround the active area. Furthermore, in order to form the oxide aperture,
the VCSEL mesa is etched to a depth beyond the active region, meaning
that lateral heat extraction is prohibited due to the low heat transfer be-
tween semiconductor and air. Therefore, the least thermally resistive path
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Figure 4.9: Left: Stained SEM of APD structure after Zn diffusion at 525
◦C for 14 minutes. Right: Reverse bias characteristics for APD with an
intrinsic region of roughly 1 µm.
for the heat extraction is through the bottom substrate of the VCSEL. In
this scenario, the top-side impurity-induced disordering plays very little role
in the thermal performance of the device aside from its cavity-altering effect,
which would account for the small blue shift and nominally higher thermal
impedance with respect to the as-grown structure. If the disordering is ap-
plied to the bottom DBR stack, however, its effect is still expected to reduce
thermal impedance since in that case the disordered DBR would be directly
in the thermal path of the device.
4.5 Extension to the InP Material System
In an effort to extend Zn diffusion to the InP material system, a similar
process was followed in the fabrication of avalanche photo-diodes (APDs).
The absorber region consists of 3 µm of undoped InGaAs grown on an n-
type InP substrate. A 3.5 µm region of InP with a small InGaAsP cap layer
is grown on top of the InGaAs bulk layer. The samples are masked with a
patterned dielectric in the same fashion as the IID VCSELs and diffused at
525 ◦C with Zn3P2 to a target depth of 3 µm, forming a P − i−N junction.
The Zn diffused region serves as the avalanche region. A SEM of a stained
sample is shown in Fig. 4.9 along with the reverse bias characteristics both
with and without illumination.
The devices are tested by illuminating the detector window with emission
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from a tunable laser source. The laser source is fitted with a ball lens fiber and
aligned before measurements are taken. In addition, multiple wavelengths
are used to ensure that responsivity is not affected by small variations in the
illumination source. A result using 30.9 µW at 1310 nm is shown in Fig. 4.9.
The dark device has a reverse-bias leakage current on the order of 3×10−7 A
and a breakdown voltage Vbr of about -77 V. The responsivity of the device
is 8.24 A/W at 0.9 Vbr.
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CHAPTER 5
OPTIMIZATION OF TAPERED IID
APERTURE
In the transfer matrix model (TMM) presented previously, the inherent as-
sumption of a step-like radial diffusion profile required for a one-dimensional
(1-D) simulation fails to capture some of the key physics of a tapered aper-
ture. As such, the TMM model does not match perfectly with the experi-
mental results, and while useful for a proof-of-concept design, cannot be used
to optimize the IID aperture. To this end, a mode-matching model (MMM)
will be derived and applied to the IID VCSEL.
The underlying goal of the mode-matching method is to calculate the power
transfer from each waveguide segment to the next on a mode-by-mode basis.
As such, each waveguide segment is treated as a two-dimensional (2-D) prob-
lem with solutions much like those presented previously for the simple IID
overlap calculations. However, because each waveguide segment is treated
independently instead of as part of a bulk waveguide component, far more
complex geometries are supported.
5.1 Hollow Waveguide Verification
The first MMM will be for the hollow waveguide case as it provides a basic
understanding of the mechanisms and limitations of the mode-matching ap-
proach. A more detailed and rigorous approach can be found in [61], though
a cursory derivation is shown here.
First consider the single interface geometry shown in Fig. 5.1 where two
semi-infinite cylindrical waveguides of radii r1 and r2 with electrical permit-
tivity ε1 and ε2 intersect at surface a. The fields in these waveguides can
be decomposed into transverse electric (TE) and transverse magnetic (TM)
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Figure 5.1: Schematic of an arbitrary hollow waveguide geometry.














respectively, where ψhi and ψei are the solutions to the wave equation with
appropriate boundary conditions applied. Note that a direct extension to
hybrid waveguide modes (modes supported in waveguides with one or more
dielectric boundaries in the radial direction) will require both generating
components for every mode.
In order to calculate the power transfer from waveguide 1 to waveguide 2,
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(5.3)













for the magnetic field.
Because the transverse components of the electric field are very closely
related to the magnetic field, an impedance matrix gi is defined for each
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With this simplification, the transverse modes can be written more com-
pactly as
Ēs = Ψ̄
t · eiK̄z · ē (5.6)
ẑ × H̄s = −Ψ̄t · Ḡ · eiK̄z · ē (5.7)
where Ψ̄ is an array whose elements correspond to the transverse profiles
of each mode in the waveguide segment, K̄ is a diagonal array with the
propagation constant of each mode supported in the segment, and Ḡ is a
diagonal array with the impedances of each mode in the segment.
Note here that because of the well-defined impedance for TE and TM
modes in hollow waveguides, this simplification cannot be done explicitly
for hybrid modes. However, the methodology is very similar. The hollow
waveguide was chosen in this case to both provide an application example
and to benchmark the approach with a known analytical solution.
Each waveguide segment is comprised of a forward and backward propa-
gating field. The backward propagating field is modified by the reflection
operator R̄ which captures the coupling of the forward propagating field into
the backward propagating field. Therefore, the fields in each waveguide seg-




eiK̄z + e−iK̄z · R̄
)
· ē (5.8)
ẑ × H̄s = Ψ̄t (r̄s) · Ḡ ·
(
eiK̄z − e−iK̄z · R̄
)
· ē (5.9)
In order to calculate the reflection (and transmission) coefficients, consider
the interface of the two waveguide segments at the surface a. The electric





· ē = Ψ̄t2 (r̄2) · T̄ · ē (5.10)
and




· ē = Ψ̄t2 (r̄2) · Ḡ2 · T̄ · ē (5.11)
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Figure 5.2: Left: Reflection and transmission coefficients for a single
interface between two hollow waveguides as a function of ε2. Right: Same
as a function of r2.
on the surface a. Applying Fourier’s trick to the above equations and substi-
tuting into the general solutions, the final expressions for the reflection and
transmission operators are found to be [61]
R̄ =
(
D̄1 · Ḡ1 + L̄t21 : Ḡ2 : D̄−12 : L̄21
)−1 · (D̄1 · Ḡ1 − L̄t21 : Ḡ2 : D̄−12 : L̄21)
(5.12)
T̄ = D̄−12 : L̄21 ·
(
D̄1 · Ḡ1 + L̄t21 : Ḡ2 : D̄−12 : L̄21
)−1
(5.13)
where D̄i is defined to be the inner product between a single waveguide
mode and itself (this is always diagonal due to basis orthogonality and can
be the identity matrix in the case of normalized modes) and L̄ia is the inner
product between a mode in waveguide i and the supported modes at the
interface a. Note here that the expressions follow convention in [61] so that
the colon operator indicates an inner product with infinite dimension and
the traditional dot product indicates an inner product with a finite number
of terms.
Figure 5.2 shows the results of the mode-matching method applied to the
TE01 mode for the hollow waveguide shown in Fig. 5.1. Note that because
the hollow waveguide has analytical solutions, mode matching was done with
both analytical transverse mode profiles and those solved by FEM. To test the
robustness of the model, the material and geometry of the second waveguide
was swept through a wide range and compared to the plane wave reflection
model. The results agree very well for all simulation parameters.
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5.2 IID VCSEL Design
In the case of a real VCSEL structure, especially one with radially inhomo-
geneous materials as in the case of the IID VCSEL, it is best to solve the
transverse mode profiles using the method described in [62]. An explicit and
detailed derivation and application is given there, so only a cursory explana-
tion is provided here to motivate its application to VCSEL designs.
At its core, the method described in [62] is a propagation matrix method
that gives mode-dependent reflection and transmission coefficients in the ra-
dial direction. These coefficients can then be used to construct the mode
profile as a function of ρ and φ. This method is most convenient for cylin-
drically symmetric structures because its formalism is very similar to the
longitudinal mode-matching method described in Section 5.1. As such, the
numerical implementation can just as easily be applied to the transverse
direction as the longitudinal direction.
Like the simple 1-D propagation matrix method, the field in each layer is
composed on an inward-traveling and outward-traveling wave. In the case of
cylindrical coordinates, the field of each mode is written as [62]
H̄(1)ν (γiρ)āiν + J̄
(1)
ν (γiρ)b̄iν (5.14)
where H̄ is the Hankel function of the first kind and J̄ is the Bessel function
of the first kind. The subscript ν denotes the order of those functions and
i denotes which zero of that function. The coefficients aiν and biν give the
relative magnitudes of the Bessel and Hankel components of the field. These
coefficients are solved by assuming a point source in each layer and calcu-
lating the ratio of reflected field from the inward boundary and the outward
boundary. A point source is chosen in the case of VCSEL layers because the
nominal wavelength of the modes lies near 850 nm, which is much smaller
than the minimum radial feature size of near 3 µm (λ/n ≈ 300 nm).
The electric field magnitude of the first three supported modes in the
structure are shown in Fig. 5.3. For the DBR layers, the structure is a
simple 10 µm dielectric cylinder surrounded by air. For the oxide aperture,
the inner radius is chosen to be 3 µm with an index of 2.99 to match the
fabricated VCSEL in Chapter 4 surrounded by a 10 µm cladding of index
1.9. The IID DBR layer is chosen to have an inner radius of 1.3 µm with an
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Figure 5.3: Various mode profiles solved using the method described in [62].
Note the difference in leakage based on differing boundary size and
confinement ratios.
index of 3.5 and an outer diameter of 10 µm with index 3.3. For all cases the
PEC boundary is chosen to be greater than 20 µm from the last feature.
While the field profiles for each layer are very similar in shape and feature,
the sizes can be vastly different. Therefore, it is important to keep many
modes in each layer, even beyond the number of physically supportable lasing
modes, to ensure accurate couping results. In order to propagate through the
entire structure and find the mode-dependent reflectivity, a few assumptions
are made. Firstly, the layers with high Al content are taken to be sources for
the layers below because the diffusion for Zn through these layers is much
faster than through the other. In addition, in order to be consistent with
previous experimental results shown in Chapter 4, the level of intermixing is
assumed to be either total, partial, or none instead of a continuous function of
depth. Lastly, the taper of the IID aperture is taken to be linear and the Zn
layers are assumed to be lossless. This is not the case in the physical structure
as the high Zn concentration leads to increased free carrier absorption, but
this assumption will lead to an underestimated selectivity (meaning that the
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Figure 5.4: Differences in reflectivity between the fundamental mode an
black squares: first higher order mode, red circles: second higher order
mode, and blue triangles: a peak-centered higher-order mode. Previously
TMM calculation and experimentally observed optimum are indicated by
the purple and orange dashed lines, respectively.
simulation accounts for the worst case scenario).
Difference in power reflectivities for the first two modes and a high or-
der mode with a central peak are shown in Fig. 5.4. Whereas the TMM
predicted an optimal IID aperture size of approximately 55% of the oxide
aperture, the MM result shows an optimal ratio of 42%, which is much closer
to the observed experimental result of 43%. Therefore, by accounting for
the tapered nature of the oxidation aperture, the MM model is able to more
accurately predict the mode-dependent losses and optimal IID aperture. The
third lasing mode follows a similar pattern as the second mode with the opti-
mal filtering ratio for the IID aperture near 42%. Of interest, though, is the
ability to filter higher order modes that have an electric field peak near the
center. One such mode is shown in the blue curve of Fig. 5.4. With an IID
aperture near 57% of the oxide aperture, the reflectivity for the higher-order
mode is actually better than the fundamental mode which indicates that IID
can be used to select modes besides the fundamental one. This approach
may be useful to select modes with desirable turn-on behavior or a favorable
photon lifetime for modulation.
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5.3 Stress Control in PECVD SiNx Films
Silicon nitride (SiNx), due to its density and electronic properties, is used as a
mask for oxidation, impurity diffusion, and even as a gate dielectric [63]. For
the purposes of this work, silicon nitride is used as a diffusion mask during
sealed-ampoule diffusion of Zn into AlGaAs-based materials. The goal is to
manipulate the intrinsic film stress during deposition to attain the desirable
lateral diffusion profile of the impurity after diffusion. Many sources, such as
[64], [65], and [66], indicate that the intrinsic stress of a silicon nitride film
can be controlled via a variety of parameters during deposition, including the
relative fractions of high and low frequency RF power used. A full discussion
of the surface chemistry involved in the different deposition conditions is
given in [64], though a cursory overview is given here.
According to [64], the dominant chemical reactions in a silane, ammonia,
and nitrogen plasma are
SiH4
e→ SiH2 + 2H (5.15)
and
NH3
e→ NH + 2H (5.16)
which lead to the surface reactions
SiH2 + SiH4 → SiH6 (5.17)
and
NH + SiN2 → SiNH3 (5.18)
The last relevant reaction is that of hydrogen elimination via cross-linking.
In this process, H2 is released as a by-product of a hydrogen bond breaking,
which is controlled by the amount of ion bombardment at the surface. A
schematic of hydrogen elimination is shown in Fig. 5.5. The original structure
in the image is the result of Eq. 5.18.
As stated by [67], the level of ion bombardment is directly controlled by
the ability of the ions in the plasma to respond to the oscillating RF fre-
quency. Thus, at deposition frequencies about 4 MHz, the ions are no longer
able to respond to the plasma oscillations and a drastic reduction in surface
bombardment occurs. This results in an increase in hydrogen content in the
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Figure 5.5: Schematic of hydrogen elimation by cross linking resulting in
formation of Si-N bond and release of H2 gas. After [64].
film, a decrease in the films density, and a shift toward tensile stress. Fur-
thermore, the films tend to become Si-rich [64]. For deposition frequencies
lower than 4 MHz, the opposite results are seen. There is a reduction in
hydrogen content, an increase in film density, and a shift toward compressive
strain [64]. These results are confirmed by [65], [68], and [66].
Within the scope of this work, the low frequency (LF) plasma is excited
at 380 kHz, the high frequency (HF) plasma is excited at 13.56 MHz, and
the showerhead and platen temperatures are fixed at 300 ◦C and 240 ◦C,
respectively. Silane flow rate is fixed at 40 sccm, ammonia flow rate at 55
sccm, and nitrogen at 1960 sccm. The pressure is 650 mT and both power
supplies operate at 20 W unless otherwise noted.
In order to measure the stress of the film, the procedure outlined in [66]
is followed. A surface scan of the wafer is first performed, which yields a
radius of curvature R0. After the film deposition, a second scan is performed
yielding a curvature of Rf . Given the Young’s modulus of the substrate, Es,
the Poisson’s ratio, vs, the thickness of the substrate, ts, and the thickness













Note here that the nominal thicknesses of the films presented in this disser-
tation are only target thicknesses. The actual value is measured before the
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Figure 5.6: Left: Film stress measurements for 100, 250, and 500 nm SiNx
films as a function of HF ratio. Right: Linear and exponential fits for the
500 nm film with adjusted R2 values of 0.82 and 0.88, respectively.
stress calculation using ellipsometry. It should also be stated here that this
method of calculating film stress is quite sensitive to the thickness of the film,
as it appears in the denominator Eq. 5.19. Therefore, as the ratio between
the film thickness and substrate thickness decreases, there is a greater chance
for inaccuracy in the stress calculation. Furthermore, the radii of curvature













under the assumption that the scan length of the laser is much larger than
the bowing of the wafer. In the case of very thin film thicknesses or short scan
length (meaning small wafers), further inaccuracy in this form of measure-
ment is possible. Therefore, care must be taken to understand the physical
limitations and results of such a method.
Experimental stress measurements for various SiNx film thicknesses as a
function of high frequency ratio are shown in Fig. 5.6 along with both a
linear and exponential fit for the 500 nm film. Note that the high frequency





such that Φ = 1 is a pure HF deposition and Φ = 0 is a pure LF deposition.
The total period is fixed to 20 seconds for every ratio.
Both [65] and [64] report a linear variation of film stress with high frequency
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Figure 5.7: Measured film stress as a function of HF time ratio for 6 inch Si
and 2 inch GaAs wafers. Dotted lines indicate exponential fits to the
experimental data.
ratio. However, the results in Fig. 5.6 support a fit that is closer to a
weak exponential dependence, with the linear fit having an adjusted R2 value
of 0.82 and the exponential a value of 0.88. There are possible physical
explanations for this phenomenon, the most pertinent of which is that the
different layers in the mixed frequency depositions have varying Si and N
composition. Non-linear stress relations have been reported in [68] for low
pressure chemical vapor deposition (LPCVD) SiNx films. LPCVD films have,
by and large, almost total hydrogen elimination, which leads to Si-rich films.
While the SiNx films in this work are deposited via PECVD, HF films have
been shown to have much higher hydrogen content than LF films [64] which
may lead to varying Si and N composition in these films. If the HF and
LF layers do indeed vary in Si content, it would be consistent with reported
experimental results that a non-linear relationship exists between stress and
HF ratio.
The film stress results for 50 nm films on a 6 inch Si wafer and a 2 in
GaAs wafer are shown in Fig. 5.7. The trend is again exponential. The
repeatability of the measurements across different substrates and substrate
sizes indicates minimal error in the measurement of wafer bowing due to
aformentioned scan length. The similar exponential behavior between films
of 500 nm and 50 nm again reinforces minimal error due to deposited film
thickness.
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The purpose of these results is not to bring into question previous exper-
imental results put forth by other research groups, but instead to provide a
repeatable, reliable design curve for controlling the stress of PECVD SiNx
films that can be used in the following section to control the depth of lateral
diffusion and thus reliably control the taper of the IID VCSEL structure.
As a final note, it is worth exploring the effect of the semiconductor/SiNx
interface on total film stress. For the results of mixed frequency depositions
presented above, the HF layer was always deposited first. In order to quantify
the effect of that interface on total stress, two identical depositions of 175 nm
films were performed: one with an HF layer adjacent to the GaAs substrate,
and the other with the LF layer adjacent to the GaAs. The film stress of the
former was measured to be 237 MPa and the latter 262 MPa, indicating a
minor effect of the interface on total film stress.
5.4 Lateral Diffusion and Film Stress
Once the film stress for the PEVCD deposited silicon nitride masks is reli-
ably controlled, the effect of that stress on the lateral diffusion rate in bulk
GaAs is studied. All diffusion masks are 50 nm in thickness and deposited
under the conditions listed in previous section. The intrinsic (unintentionally
doped) GaAs samples are sealed in the ampoule using the process described
in Appendix A and diffused at 600 ◦C for 120 min. The diffusion time is
chosen to target about 550-700 nm of vertical diffusion. In the IID VCSEL
fabrication, the target depth is near 1 µm, and as diffusion coefficient for
Zn in the GaAs-like DBR layers has been observed to be the limiting rate,
the target depth for the GaAs diffusions has been chosen to reflect a similar
amount of diffusion through the limiting layers.
The lateral and vertical diffusion depths are measured using SEM im-
ages taken after cleaving and staining the samples with a 1:1 mixture of
K3[Fe(CN)6]:KOH. The results are shown in Fig. 5.8.
The lateral to vertical diffusion ratio follows generally the mask film stress.
For low HF pulse time percentages (film closer to LF depostion), the film
exhibits the same highly negative stress as discussed in the previous section
and large lateral diffusion rate. As the HF pulse time increases, the film stress
becomes more positive and the lateral diffusion rate slows. Also included
49
Figure 5.8: Stress and lateral:vertical diffusion ratio of bulk GaAs pieces.
Solid black curve corresponds to left side axis, dashed lines correspond to
right side axis. Red diamonds are n-type GaAs and blue squares are
intrinsic GaAs.
in Fig. 5.8 is the same experimental results for n-type GaAs. The raw
measurements for diffusion depth was larger in both the vertical and lateral
direction for the n-type samples, though the lateral diffusion increased at a
more dramatic rate. Therefore, the whole curve is shifted vertically toward
higher lateral diffusion ratios. It should be noted that the n- and i-type GaAs
samples were sealed in the same tubes and underwent identical diffusions to
ensure the meaningfulness of observed differences.
In order to ensure the stability and repeatability of the diffusion, different
mask configurations were used. Tool limitations prevent the SiNx deposition
temperature from exceeding 300 ◦C, so the same recipes denoted in Section
5.3 are used. The only variables are the volume of source material and the
deposition frequency of the top layer of nitride. Optimal microscope images
of the results are shown in Fig. 5.9. During Zn diffusion, the LF silicon ni-
tride mask delaminates in large chunks and becomes unusable, whereas the
HF mask survives the diffusion with minimal damage (though there are some
visibly larger pinholes due to the temperature treatment). At first glance,
this behavior seems attributable to the difference in total magnitude of stress
between the two films. However, the film optimized for low stress also shows
signs of large scale delamination, indicating that film failure is more likely
from the difference in thermal expansion between the two frequency nitride
films. Because clean Zn-diffused areas are still visible even in the cases with
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Figure 5.9: a. LF nitride deposition with Zn3As2 source weight of less than
30 mg. b. 18:2 HF:LF deposition with source weight less than 30 mg. c.
HF nitride deposition with source weight of less than 30 mg. d. 10:10
HF:LF deposition with source weight greater than 30 mg.
the delaminated masks, the masks were effective during the diffusion. This
indicates that the quenching that occurs post diffusion causes the delami-
nation and is consistent with the argument that delamination occurs due to
differing thermal properties between the two films.
Furthermore, if the mixed frequency film is finished with a very thin (in
the case of this work, 3 nm) of HF nitride, the mask survives regardless of
its composition. This is clear in Fig. 5.9 (d).
In order to quantify the tapered aperture of a VCSEL, similar Zn diffusion
experiments are performed on a test structure comprising 15 n-type DBR
layers designed to for a 850 nm VCSEL. The stress of the SiNx film is mea-
sured with via a 2 inch witness GaAs wafer. Because the test structure is
grown on an n-type GaAs wafer and the top layer of the structure is a thin
GaAs cap, this witness will accurately reflect the stress of the films on the
epitaxially grown structure. The stress and lateral:vertical diffusion length
results are shown in Fig. 5.10 alongside SEMs of the HF and LF films that
have been stain-etched with K3[Fe(CN)6]:KOH to highlight the Zn doping
front. The diffusions are performed at 585 ◦C for 56 minutes.
While the lateral:vertical diffusion ratio does not follow exactly the stress
curve for varying HF time ratios, the trend is very close. Therefore, control-
ling the stress of the masking film during Zn diffusion allows for control over
the lateral diffusion depth. This means that, for a given Zn penetration and
impurity-induced disordering depth that is generally governed by a VCSEL
layer structure, virtually any taper profile is possible. It should be noted,
however, that the lowest lateral diffusion rate is that of the pure HF film,
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Figure 5.10: Left: Film stress and lateral:vertical diffusion length ratio as a
function of HF time ratio for 50 nm SiNx films. Top Right: SEM of 56 min
diffusion of Zn into 850 nm DBR that has been stained with
K3[Fe(CN)6]:KOH. Bottom Right: Same for LF film.
and that diffusion in this scenario is still isotropic. By decreasing the HF ra-
tio, varying degrees of anisotropy are attainable, but lateral:vertical diffusion
length ratios below unity are not possible.
Armed with this experimental design curve, the optimal single-mode design
discussed previously in Section 5.1-2 are now achievable. In addition, modes
other than the fundamental mode can theoretically be picked out by this
method. The careful control of the taper design can allow for low-loss regions
to not only match the spatial location of the higher-order modes but also have




MODE CONTROL IN VCSELS VIA
METALLIC SURFACE RELIEF
At its core, the MSR VCSEL is an extension of the surface relief method
realized in [21]. In addition to relying on the destructive feedback mechanism
by removing a single DBR layer, using metal as the terminal interface for
the a phase-mismatched mode can increase the material loss and impart
additional phase mismatch, thereby shifting the longitudinal standing wave
in the laser cavity. While this design is viable for both the standard surface-
relief geometry and the inverted surface-relief structure, this discussion will
center around layer structures that are originally designed to lase without a
thick cap layer. Furthermore, the design is doping agnostic, though again
for the sake of discussion only the p-type mirror is discussed for reasons that
will become evident at the conclusion of this chapter.
6.1 Device Design
The loss mechanisms for this design can be broken into two major com-
ponents: phase-related loss and material loss. Much like the surface-relief
design, the phase-related loss results in a phase shift from the terminal in-
terface with metal that propagates back to the gain region and results in an
offset between the electric field and the gain region. This translates physically
to a higher threshold current for modes that experience this effect. Because
a standard DBR structure is designed to terminate on the higher refractive
index material (in the case of a 980 nm VCSEL, this is usually GaAs), the
standing wave will be at a peak at the semiconductor-air interface. By de-
positing metal on top of the DBR stack, the field is effectively forced to a
node, resulting in a π phase shift propagating back toward the cavity. As
shown in Fig. 6.1, the field confinement factor is reduced significantly and
thus the threshold modal gain is increased drastically.
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Figure 6.1: Left: Standing wave pattern calculated via TMM for 13 pairs of
DBR below a Ti. Right: Same for 12.5 pairs of DBR. Insets show a zoomed
image of the MQW gain region.
The second major loss mechanism in this VCSEL is the material loss in the
metal layer itself. Because metals have a complex index, the further the field
penetrates into the top metal layer, the larger total loss the field experiences.
Furthermore, the smaller the contrast in the real part of refractive index
between the semiconductor and metal, the further the field penetrates into
the metal. Therefore, Ti, which has a refractive index of 3.35 + i3.97 [69], will
provide the best filter of the metals commonly used in ohmic GaAs contacts.
Other metals such as Au, Pt, and Ag have much higher contrast in real part
of refractive index and thus are not as suitable [70].
However, coating metal over the DBR stack restricts light emission from
this facet. In order to implement a Ti filter, the filter must be placed on
the p-side DBR stack in order to form an electrical contact. To realize this
design, then, the device must be a bottom emission design that is flip-chip
bonded to a carrier substrate. Although this presents an increase in fabri-
cation complexity, a device structure that is amenable to flip-chip structures
provides opportunities for III-V integration onto other material platforms.
In addition, the uniform metal contact may improve the current injection
profile in the active region.
A schematic of the proposed metallic surface relief VCSEL is shown in Fig.
6.2. The bottom p-contact would be bonded to a suitable carrier substrate
before n-contact deposition. The method is also highly integrable with other
mode selection mechanisms because it modifies the non-emission facet of the
laser. Therefore, it can stacked with surface relief [21], impurity-induced
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Figure 6.2: Schematic for proposed metallic surface relief VCSEL. Device is
bottom emission, flip-chip bonded to a carrier substrate.
disordering, or dielectric anti-phase filtering [25] to achieve higher single-
mode powers.
6.2 Design Optimization
In order to optimize the metallic surface relief design, a similar approach to
the IID VCSEL is taken to design the width of the inner conductor. For
this simulation, it is assumed that the VCSEL is grown without any anti-
phase cap so that the final metal-semiconductor interface does not supply
any destructive feedback to the cavity. A sketch of the final DBR-metal
interface is shown in Fig. 6.3. Because the etch depth of the final DBR layer
is exactly quarter wavelength due to the ability to selectively etch Al.09GaAs
and Al.01GaAs, the only remaining pertinent design parameter is the radius
of the etch that forms the inner conductor.
However, before studying the inner conductor radius, it is important to
understand how many modes must be kept in each waveguide to ensure
that any observing power coupling is physical and not numerical. Figure
6.3 shows the fraction of fundamental hollow waveguide mode TE01 reflected
into itself, fraction of input power coupled to fundamental coaxial mode
TEM00, and fraction of power coupled out of TE01. Note that considering
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Figure 6.3: Left: Schematic of an arbitrary hollow waveguide-coaxial
waveguide interface. Right: Fraction of fundamental hollow waveguide
mode TE01 reflected into itself (red circles), fraction of input power coupled
to fundamental coaxial mode TEM00 (blue circles), and fraction of power
coupled out of TE01 (blue dots). Number of modes here does not include
polarization degeneracy.
only the fundamental coaxial mode does not allow power transfer from the
fundamental waveguide mode to other waveguide modes. That is, the input
power is either reflected into the fundamental waveguide mode or directly
coupled into the coaxial waveguide.
After the inclusion of 6-8 modes, the reflection and transmission coeffi-
cients stablize, indicating that at 6-8 modes need to be kept to achieve an
accurate physical result (note: this is 6-8 distinct modes and does not con-
sider polarization degeneracy). This is illustrated clearly in Fig. 6.4, which
calculates the fraction of each mode that is self-coupled, in-coupled, and out-
coupled when keeping only five modes in the coaxial waveguide and when
keeping 10 modes. The difference in total reflectivity for the fundamental
waveguide mode increase from 0.35 to 0.5 when including more higher-order
modes in the coaxial waveguide, indicating that low-order modes in the hol-
low waveguide have significant overlap with higher-order modes in the coaxial
waveguide.
Furthermore, the number of modes required to obtain a physical solution
changes with inner conductor radius as the mode ordering also changes, as
shown in Fig. 6.5. Firstly, the profiles of the supported modes change as
a function of inner conductor radius. For the 1 µm inner radius, modes
with multiple nodes in the radial direction are still supported. However, as
the inner radius increase to 2.5 µm, only modes with no radial nodes are
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Figure 6.4: Left: Self-reflection (black), in-coupling (blue), and
out-coupling (red) fraction of total reflectivity keep only 10 coaxial modes.
Right: Same for 16 modes. Note because polarization degeneracy is
considered here, this equates to 5 and 10 modes, respectively, in Fig. 6.3.
supported, indicating that the hollow waveguide modes can no longer couple
into those modes thereby increasing the reflection coefficient.
In addition, the cutoff order of the mode profiles that are supported for all
inner conductor radius values changes, implying that the dispersion curves
cross as b2 increases. Specifically, the cutoff for the first mode with a node
near the outer conductor wall is pushed from low-order mode to much higher-
order mode. From a coupling perspective, these modes may not be available
to transfer power from the hollow waveguide to the coaxial waveguide for a
given outer conductor size.
Because of the mode switching that occurs both in mode type and mode
cutoff as the inner conductor radius changes, it is reasonable to expect that
the amount of single-mode selectivity for a given metallic surface relief ge-
ometry may not be an immediately intuitive result. In fact, because of the
abrupt changes in coaxially supported modes, the reflection and transmission
coefficients for the hollow waveguide modes coupling into the coaxial segment
are not smooth functions of inner conductor radius. A calculation of ∆R as
a function of inner conductor radius is shown in Fig. 6.6. The calculation is
carried out for the first 20 lasing modes in the hollow waveguide, though only
the most relevant modes are shown in the image. Note that the sharp kinks
in the curve are not a result of numerical error, but instead of the coupling
phenomena discussed above.
According to the calculation, the optimal inner conductor radius is ≈ 2.85
µm for a 5 µm hollow waveguide coupling to a 5 µm outer conductor ra-
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Figure 6.5: Top: |Et|2 for a coaxial waveguide of outer radius 5 µm and
inner radius of 1 µm at a wavelength of 980 nm. Middle: Same with inner
radius of 2.5 µm. Bottom: Same with inner radius of 4 µm. Modes are
ordered left to right, top to bottom.
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Figure 6.6: Difference in power reflection coefficient for relevant hollow
waveguide modes coupling into a coaxial waveguide with outer radius of 5
µm and various inner radii.
dius coaxial segment. This corresponds to a 0.57 ratio between inner and
outer conductors, assuming the outer conductor is matched with the hollow
waveguide radius. From a fabrication perspective, the tolerances required to
pattern and fill the coaxial segment with metal lies well within the capabili-
ties of standard optical lithography. However, the most accurate way to etch
this pattern is via a selective wet-etch process, which will leave a small angle
on the sidewalls of the inner conductor. The isotropic nature of the wet etch
will cause small variances in terms of optimal inner conductor radius, but




Included here are detailed fabrication instructions for various aspects of the
impurity-induced vertical-cavity surface-emitting laser.
A.1 Zn Diffusion
Impurity diffusion (in this case Zn) is the first step in the IID VCSEL fab-
rication process. The tubes themselves are made of quartz and measure 48
inches in length, 14 mm inner diameter and 16 mm outer diameter. This size
is convenient for sealing 1 cm by 1 cm square pieces. To start, the tubes are
split into two equal lengths using a diamond scribe. Each half is then sealed
in the center and pulled apart, leaving four tubes that are approximately 12
inches in length and sealed at one end. This sealing process is done with
a tabletop hydrogen torch, lighting the hydrogen first and gradually adding
oxygen until the center of the flame burns blue/white. It is extremely impor-
tant to wear eye protection with at least OD5 protection. In order to allow
for easy loading and unloading from the furnace, a hook must be made on
the sealed end of the tube. The quartz rod used for this can be up to 5 mm
in diameter, though thinner will allow for easier shaping. The hook is made
using a slightly cooler flame than was used to seal the tube and is wrapped
around the tube at least once before the large loop and once after the large
loop to guarantee adherence.
After the tubes are made, they must be etched in buffered oxide etch (BOE)
for approximately three hours. Shorter time durations are acceptable, though
a thorough clean cannot be guaranteed. If the tubes are allowed to etch too
long in the acid, they may become too thin and pop as a result during the
sealing process.
While the tubes are etching, the diffusion pump setup pictured in Chapter
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3 must be started. The diffusion pump itself must be backed by a roughing
pump capable of a base pressure around 10 mT. Then, the cold trap of the
diffusion pump should be cooled with liquid nitrogen before starting. This
will ensure that the diffusion pump oil condenses correctly. The heater on
the diffusion pump may take up to a couple of hours to properly heat the
pump oil (in this case, Santovac 5 diffusion pump oil). Once the pump is
heated, the passive cold trap should be heated and exposed to the diffusion
pump to bake off any contaminants from previous uses. This process takes
roughly an hour to complete. Once baked, the cold trap should be allowed
to cool before isolating it once again from the diffusion pump.
Once the pump is ready, the tubes may be loaded. After triple rinsing
with deionized (DI) water, a tube is placed on the passive cold trap. The
rouging pump must be moved temporarily from backing the diffusion pump
to roughing the chamber. The O-ring sealing the tube end to the cold trap
should be wrapped with a wet towel or cooled in some fashion to prevent
melting or distortion which would compromise the seal. Once the tube is
pumping, the hand-held hydrogen torch is used to remove any residual water
or other contaminants from the tube. These contaminants will appear as
bright specks when heated with the torch. Caution must be used in order to
prevent any dimpling of the tube. Once the tube is clean, a dimple is formed
on the underside of the tube near the closed end, leaving approximately 2
cm between the dimple and the seal for source placement. Once the dimple
is formed, the tube is quenched with DI water and isolated from the pump.
The pump should be switched back to the diffusion pump.
The tube is removed from the seal-off station and loaded. In the case of a
Zn3As2 source, the pellets should be cleaned with HCl and DI and thoroughly
dried before being placed in the tube. In the case of a Zn3P2 source, this is
not possible due to its powder form. However, in either case, loading should
occur in a ventilation hood due to the dangerous nature of the materials,
especially the zinc phosphide which can react with water vapor to form a
toxic gas. Once the source is loaded, the samples should be cleaned with a
standard oxide removal process and placed in the tube on the opposite side
of the dimple.
Once the tube is loaded, it is again ready to be placed onto the seal-off
station. When the tube is attached, the chamber should be very carefully
exposed to the roughing pump. Its important to control the pumping speed
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in order to keep the source from moving in the tube. After a base pressure
of below 50 mT is reached, the diffusion pump can opened to the tube. At
this point the passive cold trap is filled with liquid nitrogen in order to reach
a pressure below 2.5 × 10−6 T to ensure that no water remains in the tube.
When the pressure is low enough, a very light flaming of the tube is required
to remove and excess contaminants. Once again, the area surrounding the
O-ring seal should be cooled. After flaming the tube, the area surrounding
the sample and source should also be wrapped with a wet towel to ensure
the heat generated during the sealing process does not induce and diffusion.
Once the towels are placed, the hydrogen torch is used to create three long
dimples where the tube is to be sealed. Ideally, the tube should be shorter
than the “hot-zone” of the furnace to be used for diffusion. In the case of
a three zone furnace, this can be quite long, though in the case of a single
zone furnace such as the one used in this work, the tube should be less than
7 in long after sealing. Figure A.1 shows the furnace temperature profile
alongside the ampoule during different stages of sealing and diffusion.
Once the three dimples are gradually worked such that they touch inside
the tube, all that remains is to pull the tube. A hotter flame can be used
for the pulling, though the flame should be kept far from the cooled areas of
the tube. Once the tube is pulled, a gentler flame should be used to dimple
the sealed tube one more time near the newly sealed area to ensure that a
vacuum is still present. If the tube dimples toward the middle of the tube, it
is sealed. If it follows gravity, then there is a leak in the tube and it should
be resealed.
The tube is diffused in a furnace set to a temperature corresponding to the
type of source used. For GaAs-based structures, the temperature is usually
near 600 ◦C and for InP-based structures it is usually near 560 ◦C. During the
diffusion, the furnace itself is observed for any signs of metallic condensation
near the ends of the tube which would indicate a leak in the sealed ampoule.
In the case of a leak, the tube must be removed immediately, quenched,
and placed in a ventilation hood. The source, sample, and tube cannot be
reused in this case. Once the tube has been in the furnace for an appropriate
amount of time, it is removed and immediately quenched with cool water. It
is important to quench the tube first in the areas far away from the sample,
as the purpose of the abrupt cooling is to condense the gas in the tube.
Any condensation of material on the sample itself will be difficult to remove
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Figure A.1: Left: Temperature profile of furnace indicating region where
tube should be placed. Top Right: Ampoule before sealing shown with
towel wrapped around rubber O-ring. Middle Right: Ampoule shown with
towels protecting O-ring and sample/source area. Bottom Right: Fully
sealed and pulled tube shown after diffusion and quenching with condensed
Zn near either end of the tube.
afterward.
When the tube has cooled, it is scored around the circumference near the
center much in the same fashion the lengths of tube are originally cut. The
scored tube is placed in a sealed bag and cracked open under a ventilation
hood. The sealed bag is used in order to prevent the rapid influx of air from
carrying glass shards onto the sample, potentially breaking the sample in the
process. The sample is then carefully removed from the tube and cleaned
with a standard degreasing process. The remaining source and glass tube
are disposed of according to research safety guidelines.
A.2 Dry Etching and Oxidation
The VCSEL mesa is formed via a chlorine-based dry etch process. The recipe
itself consists of 18.5 standard cubic centimeters per minute (sccm) of BCl3,
4.6 sccm of Cl2, and 6.9 sccm of Ar. The reactive ion etch (RIE) power is
50 W and the inductively coupled plasma (ICP) power is 500 W. This power
ratio, combined with as low a pressure as the tool allows, will allow for a
very smooth sidewall profile. In this case, using an Oxford ICP/RIE tool,
the pressure is set to be 2.5 mT. An example of the dielectric mesa mask
is shown in Fig. A.2 along with SEMs of the sidewall. Note that this gas
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Figure A.2: Top Row: SEMs of the oxidized layer for different times.
Furnace temperature is 425 ◦C. Bottom Row: SEM of total mask design
showing alignment marks, VCSEL mesas, and transmission line
measurement (TLM) pads.
combination is non-selective for AlGaAs of various composition, making it
ideal for 850 nm and 980 nm VCSEL devices.
The device performance and characteristics are quite sensitive to the total
oxide aperture diameter. Therefore, it is important to recharacterize the
oxidation process during each device run. To do so, a piece of dummy wafer
with the same pattern as the real sample is cleaved into fourths. Thermal
paste is not used to adhere these samples to the platen, although it is used for
the real samples. The result of limited thermal control is the bowed sidewall
profile shown in the top row of images in Fig. A.2. Using the real-time
feedback reflectrometer in the etch tool, the periodic structure of the DBR
can be seen. In the case of a small foot near the bottom of the mesa etch,
the etch should be carried out until at least four pairs of the bottom DBR
stack are exposed. This guarantees that the foot does not encroach on the
oxidation aperture and lead to inconsistent oxidation depth.
The samples are oxidized at 425 ◦C for varying amounts of time, as denoted
in Fig. A.2. Oxidation, while not a linear process in time, can be approxi-
mated as linear in a small regime. Therefore, the temperature of the furnace
and carrier gas flow are chosen to allow for an oxidation time between five
and fifteen minutes. Shorter or longer times may lead to inconsistent results.
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After etching and oxidizing, the samples are baked in a nitrogen purged
furnace at 380 ◦C to remove any non-ideal oxide. This will lead to more
consistent electrical characteristics. Select devices are then probed to ensure
that rectifying behavior can be observed and light is visible on an infrared
sensitive camera.
A.3 Metalization and Planarization
After mesa formation, the backside substrate undergoes chemo-mechanical
lapping and polishing to ensure that any Zn that was diffused into the n-
type substrate is removed before metalization. The n-type contacts on these
devices are AuGe/Ni/Au, deposited via electron beam evaportation and an-
nealed above the eutectic temperature of AuGe. In this case, 270 Å of Ge is
deposited followed by 550 Å of Au, 220 Å of Ni as a barrier, and 1000 Å of
Au to protect the contact. Annealing is performed at 380 ◦C.
After backside metal, the devices are planarized using BCB spun on to be
approximately 7.5 µm tall (just over 1 µm taller than the VCSEL mesas).
The BCB is etched back using a CF4/O2 mixture until the mesas are exposed.
A Ti/Pt/Au contact is then deposited. The p-contact does not need to be
annealed as the doping in the contact region is well above 1 × 1020 cm−3 due
to the Zn diffusion.
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